Award Number: DAMD17-01-1-0221

TITLE: Characterization of IBC-1, A Novel Putative Breast Cancer

Prognostic and Survival Factor

PRINCIPAL INVESTIGATOR: Minna Allinen, Ph.D.
Anna Merlos-Suarez, Ph.D.
Kornelia Polyak, M.D., Ph.D.

CONTRACTING ORGANIZATION: Dana-Farber Cancer Institute
Boston, Massachusetts 02115

REPORT DATE: August 2003

TYPE OF REPORT: Annual Summary

PREPARED FOR: U.S. Army Medical Research and Materiel Command

Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so

designated by other documentation.

20040220 019



REPORT DOCUMENTATION PAGE e

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining
the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for
reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of
Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
(Leave blank) August 2003 Annual Summary {1 Aug 2002 - 31 Jul 2003)
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Characterization of IBC-1, A Novel Putative Breast Cancer DAMD17-01-1-0221
Prognostic and Survival Factor

6. AUTHOR(S)

Minna Allinen, Ph.D.

Anna Merlos-Suarez, Ph.D.
Kornelia Polyak, M.D., Ph.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Dana-Farber Cancer Institute REPORT NUMBER
Boston, Massachusetts 02115

E-Mail: Minna_allinen@dfci.harvard.edu

9. SPONSORING / MONITORING 10. SPONSORING / MONITORING
AGENCY NAME(S) AND ADDRESS(ES) AGENCY REPORT NUMBER

U.S. Army Medical Research and Materiel Command
Fort Detriqk, Maryland 21702-5012

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for Public Release; Distribution Unlimited

13. ABSTRACT (Maximum 200 Words)

Using SAGE (Serial Analysis of Gene Expression) we identified a SAGE tag that was only
present in invasive breast carcinomas and their lymph node metastases. The transcript
corresponding to this SAGE tag, IBC-1 (Invasive Breast Cancer-1)/dermcidin (DCD) encodes a
secreted protein normally expressed only in the pons of the breain and sweat glands. Array
CGH, FISH, and immunohistochemical analyses determined that IBC-1/DCD is overexpressed in
approximately 10% of invasive breast carcinomas, in some cases its overexpression is
coupled with a focal copy number gain of its locus at 12gl3.1, and its expression is
associated with advanced clinical stage and poor prognosis. Expression of IBC-1/DCD in
breast cancer cells promotes cell growth and survival, and reduces serum dependency.
Putative high and low affinity receptors for IBC-1/DCD are present on the cell surface of
breast carcinomas and neurons of the brain. Based on this data we hypothesize that IBC-
1/DCD may play a role in tumorigenesis via enhancing cell growth and survival in a subset
of breast carcinomas.

14. SUBJECT TERMS 15. NUMBER OF PAGES
No Subject Terms Provided. 15
16. PRICE CODE
77. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified Unlimited
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102




Table of Contents

GOV . ueitieieiieirisiiistsa s s re et raesstsssraseesastnnearasstostonasensansssssarasnnsonnss 1

] 1 T U PPPOUNRPPI 2

Table of Contents........ccccvuiiiiriireiiniiiiic e e s ras s s saeerassan 3
INtroduction....c..covuieiiiiiiiicirc i s e 4
= o 5
Key Research Accomplishments..........ccovvriiriiiinicicnnciinn s, 5
Reportable OUtCOMES......ccvuiiiriieiieniieniimieeiree e 6
CONCIUSIONS. . cuurererieiiireiiariersereresesiestaesterairasressaisatratessessaesasraressuranns 6
[ = =) [ =P 7

APPENUICES.....ciruirinriieiiniiiiiie e s s e e



Annual report August 1, 2002-July 31, 2003, DAMD17-01-1-0221

Introduction

Breast cancer is one of the most common neoplasms in women and is a leading cause of cancer
related deaths worldwide. Improved diagnostic tools have made it possible to detect breast
cancers at early stages leading to a significant decrease in breast cancer mortality rates over the
past decades. However, mortality rates of advanced stage cancer have not decreased significantly
due to lack of effective therapies and approximately 25 % of breast cancer patients will die of
their disease. Therefore, the development and application of new molecularly based diagnostic
and prognostic tools and therapies is of utmost importance. The key to the development of such
rational preventative and therapeutic approaches lies in the identification of genes and
biochemical pathways involved in breast tumorigenesis. One approach to the discovery of novel
diagnostic and prognostic markers, and therapeutic targets is to compare the gene expression
profiles of normal and cancer cells and identify genes or subsets of genes with expression levels
that correlate with tumor stage or clinical outcome. Several comprehensive gene expression
profiling studies have been performed in breast cancer and several novel putative molecular
markers have been identified. Most of these studies utilized array based platforms, and therefore,
were inherently limited to the analysis of known genes and ESTs. SAGE is an alternative
comprehensive gene expression profiling technique that does not require the a priori knowledge
of the transcripts present in the cells. Thus, it allows for the identification of novel transcripts
making it particularly suitable for the discovery of new molecular targets.

In this study we utilized the SAGE technology to determine the comprehensive gene expression
profiles of normal breast tissue and breast carcinomas of all clinical stages with the aim of
identifying genes involved in the initiation and progression of breast tumorigenesis. Based on
this analysis we identified a novel gene, IBC-1 (Invasive Breast Carcinoma-1), encoding a small
secreted protein that is only expressed in a subset of invasive breast carcinomas, in the pons of
the brain, and in hippocampal neurons following oxidative insult, but not in any other normal
human tissue. IBC-1 encodes a novel growth and survival factor that is overexpressed in a
significant fraction of invasive breast carcinomas with poor prognostic features. IBC-1 has no
significant homology to known proteins, therefore it may be involved in a novel-signaling
pathway. Based on amino acid sequence IBC-1 corresponds to the cancer-associated cachexia-
inducing factor previously identified by others. '
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Body:

Please see attached manuscript currently in press in proc. Natl. Acad. Scienc. USA in appendix
regarding the results of the IBC-1 study up to date. This manuscript was first submitted last year
with Pankaj Seth (the original recipient of this award) as first author, the project was then
continued by Ana Merlos-Suarez with the help of Dale Porter. Following the abrupt and
unexpected departure of Ana Merlos-Suarez Dale Porter had to finish several pending
experiments required for the revision and resubmission of the manuscript. Additional
experiments addressing the function (specifically effect of cell invasion and 3D growth) have
been performed by Minna Allinen, but so far most of these have yielded negative results (no
effect on cell invasion and 3D growth).

Key accomplishments:

e We have generated bacterial and mammalian expression constructs expressing human
IBC-1 protein with a hexa-histidine tag and optimized protein expression and purification
from bacteria and mammalian cells.

e We have generated a polyclonal antibody against a synthetic peptide of IBC-1, and have
initiated the generation of monoclonal antibodies against the full-length human IBC-1
protein and two synthetic peptides as well.

e Using this affinity purified antibody we have performed histchemical analysis of a large
set of breast tumors and demonstrated that the expression of IBC-1 correlates with larger
tumor size and more metastatic lymph nodes. Since both of these features correlate with

“poor clinical outcome, IBC-1 expression may have a prognostic value.

e We have generated a series of constitutive and inducible mammalian expression
constructs, adenoviruses, and retroviruses expressing the human IBC-1 protein.

e We have determined that high and low affinity IBC-1 receptors are present on the cell
surface of breast carcinomas and neurons of the brain. The presence of the high affinity
receptor appears to correlate with cellular response to IBC-1.

o The expression or exogenous addition of IBC-1 to 2INT breast cancer cell lines enhances
cell proliferation and survival.
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Reportable outcomes:

Please see attached manuscript currently in press in proc. Natl. Acad. Scienc. USA reporting the
results of this study.

Antibodies generated:
We have generated rabbit polyclonal antibodies against the human IBC-1 protein.

Cell lines generated:
We have generated several human cell lines that constitutively overexpress the human IBC-1

protein.

Conclusions:

In summary, we determined that IBC-1/DCD is a novel growth and survival factor that is
overexpressed in approximately 10 % of primary invasive breast carcinomas and its
overexpression at least in some cases is associated with a gain of its locus at 12q13.1. Based on
jits function and restricted expression pattern in normal adult tissues, IBC-1/DCD is a candidate
cancer therapeutic target. The secreted nature and extracellular mechanism of DCD action makes
it even more attractive for such a purpose. ‘

Neurons are particularly sensitive to reactive oxygen species (ROS) whereas tumor cells
themselves produce large amounts of ROS. Therefore, the high expression of IBC-1/DCD in
these cell types may be essential for their survival. Thus, therapeutic activation of the IBC-
1/DCD signaling pathway may be beneficial in certain neurodegenerative diseases involving
catecholaminergic neurons such as Parkinson’s disease, while its therapeutic inhibition may be an
effective treatment of tumors with DCD expression.
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Using serial analysis of gene expression (SAGE) we identified a
SAGE tag that was present only in invasive breast carcinomas and
their lymph node metastases. The transcript corresponding to this
SAGE tag, dermcidin {DCD), encodes a secreted protein normally
expressed only in the pons of the brain and sweat glands. Array
comparative genomic hybridization, fluorescence in situ hybridiza-
tion, and immunohistochemical analyses determined that DCD is
overexpressed in ~10% of invasive breast carcinomas; in some
cases its overexpression is coupled with a focal copy humber gain
of its locus at 12q13.1, and its expression is associated with
advanced clinical stage and poor prognosis. Expression of DCD in
breast cancer cells promotes cell growth and survival and reduces
serum dependency. Putative high- and low-affinity receptors for
DCD are present on the cell surface of breast carcinomas and
neurons of the brain. Based on these data we hypothesize that DCD
may play a role in tumorigenesis by means of enhancing cell
growth and survival in a subset of breast carcinomas.

B reast cancer is one of the most common neoplasms in women
and is a leading cause of cancer-related deaths worldwide.
Improved diagnostic tools have made it possible to detect breast
cancers at early stages, leading to a significant decrease in breast
cancer mortality rates over the past decades (1). However,
mortality rates of advanced-stage cancer have not decreased
significantly because of a lack of effective therapies, and ~25%
of breast cancer patients will die of the disease (1). Therefore,
the development and application of new molecularly based
diagnostic and prognostic tools and therapies are of utmost
importance. The key to the development of such rational pre-
ventive and therapeutic approaches lies in the identification of
genes and biochemical pathways involved in breast tumorigen-
esis. One approach to the discovery of novel diagnostic and
prognostic markers and therapeutic targets is to compare the
gene expression profiles of normal and cancer cells and identify
genes or subsets of genes with expression levels that correlate
with tumor stage or clinical outcome. Several comprehensive
gene expression profiling studies have been performed in breast
cancer, and several novel putative molecular markers have been
identified (2-6). Most of these studies used array-based plat-
forms and, therefore, were inherently limited to the analysis of
known genes and ESTs. Serial analysis of gene expression
(SAGE) is an alternative comprehensive gene expression pro-
filing technique that does not require the a priori knowledge of
the transcripts present in the cells. Thus, it allows for the
identification of novel transcripts, making it particularly suitable
for the discovery of new molecular targets (7, 8).

In this study we used the SAGE technology to determine the
comprehensive gene expression profiles of normal breast tissue
and breast carcinomas of all clinical stages with the aim of

www.pnas.org/cgi/doi/10.1073/pnas. 1932980100 '

identifying genes involved in the initiation and progression of
breast tumorigenesis. This approach led to the identification of
a previously uncharacterized growth and survival factor that is
overexpressed in a significant fraction of invasive breast carci-
nomas with poor prognostic features.

Methods

Cell Lines and Tissue Specimens. Breast cancer cell lines were
obtained from American Type Culture Collection or were
generously provided by Drs. Steve Ethier (University of Mich-
igan, Ann Arbor), Gail Tomlinson (University of Texas, Austin),
and Arthur Pardee (Dana-Farber Cancer Institute, Boston).
Cells were grown in media recommended by the provider.
Tumor specimens were obtained from Brigham and Women’s
and Massachusetts General Hospitals (Boston), Duke Univer-
sity (Durham, NC), University Hospital Zagreb (Zagreb,
Croatia), and the National Disease Research Interchange, snap
frozen on dry ice, and stored at —80°C until use. All human
tissue was collected using protocols approved by the institutional
review boards. Tissue microarrays were (i) obtained from Im-
genex (San Diego), Ambion (Austin, TX), Ardais Corporation
(Lexington, MA), and Gentaour; (ii) provided by the Cooper-
ative Breast Cancer Tissue Resource; and (iii) generated at
Johns Hopkins University and at Beth Israel Deaconess Medical
Center following published protocols (9). Brain samples were
collected from autopsies performed at Brigham and Women’s
Hospital and from subjects prospectively enrolled in the Rapid
Autopsy Program of the Joseph and Kathleen Price Bryan
Alzheimer Disease Research Center at Duke University Medical
Center (10).

RNA Preparation, mRNA in Situ Hybridization, and Northern Blot
Analysis. We performed RNA isolation, RT-PCR, and Northern
blot analyses as described (11). We performed mRNA in situ

- hybridization using paraffin sections and digitonin-labeled ribo-

probes following a protocol developed by St. Croixet al. (12), and
we hybridized frozen sections as described with minor modifi-
cations (13).

This paper was submitted directly (frack Il) to the PNAS office.

Abbreviations: AP, alkaline phosphatase; FISH, fluorescence in situ hybridization; BAC,

bacterial artificial chromosomes; CGH, comparative genomic hybridization; DCD, dermci-

din; IBC-1, invasive breast cancer 1; ROS, reactive oxygen species; SAGE, serial analysis of

gene expression.
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Dermcidin {DCD) Expression in Mammalian Cells and Growth and
Survival Assays. We generated an N-terminal alkaline phospha-
tase (AP) C-terminal DCD fusion proteins using the AP-TAG-5
expression vector (GenHunter, Nashville, TN). We transfected
mammalian cells with FuGENE6 (Roche), Lipofectamine, or
Lipofectamine 2000 (Life Technologies, Rockville, MD) re-
agents. For mammalian expression, we subcloned the human
DCD cDNA into the pBabe construct and confirmed DCD
protein expression by immunoblot analysis. To determine the
effect of DCD expression of cell growth, we plated 5,000 control
(pBabe) or DCD-expressing (pBabe-DCD) cells per well in a
24-well plate, and 2INT cells were grown in either complete
MCF10A medium (American Type Culture Collection) or
MCF10A medium diluted 1:10 with basal MCF10A medium
without growth factors added. Cells were counted (three wells
per time point) on days 1, 3, 5, and 7 after plating. For menadione
survival assays, 21NT pBabe and 21NT pBabe-DCD stable pools
were plated (10° cells per well in a 24-well plate). At 6 h, cells
were washed and medium was changed to serum-free DMEM-
F12 medium with or without menadione (0, 100, and 200 um;
three wells per treatment), and cells were counted at 24 h. The
experiment was repeated three times. For glucose deprivation
assays, 2INT pBabe and 2INT pBabe-DCD stable pools were
plated (5 X 104 cells per well in a 24-well plate). At 6 h, cells were
washed and medium was changed to basal media with 5% or
0.5% horse serum and 0 or 4 mM glucose (three wells per
treatment), and cells were counted at 48 h. The experiment was
repeated three times.

Fluorescence in Situ Hybridization (FISH) and Array Comparative
Genomic Hybridization (CGH). We obtained bacterial artificial chro-
mosomes (BACs) containing the human DCD, CDK4, SAS,
GLI, and MDM2 genes from Research Genetics (Huntsville,
AL). The d1223 probe for identification of chromosome 12 was
obtained from Vysis (Naperville, IL). We performed FISH to
paraffin-embedded or frozen tissue and metaphase chromo-
somes from normal human lymphocytes as previously described
(14). We performed BAC array CGH essentially as described
(15). DNA copy number variations that deviated significantly (at
least three times higher than the standard deviation of the overall
fluorescence intensity of the tumor DNA) from background
ratios measured in normal genomic DNA control hybridizations
were considered real copy number variations. In the case of the
BAC containing DCD, the average log fluorescence ratio was
0.3. The detailed results of the array CGH analysis of the 152
breast tumors will be reported elsewhere.

Antibodies and Immunoblot, Immunohistochemical, and Statistical
Analyses. We generated an affinity-purified polyclonal anti-DCD
antibody against a synthetic peptide (RQAPKPRKQRSS) cor-
responding to amino acids 53-64 of the human DCD protein
(Zymed), and other antibodies used were obtained from sources
previously described (6). We performed immunoblot analyses as
described (11). We analyzed the expression of DCD in primary
tumors by the use of inmunohistochemistry to tissue microarrays
that contained evaluatable paraffin-embedded specimens de-
rived from ductal carcinoma in situ, primary invasive breast
cancer and distant breast cancer metastases, pancreatic, gastric,
prostate, kidney, and colon carcinomas, melanomas, lympho-
mas, and gliomas. Immunohistochemical and statistical analyses
were performed as described (6).

Ligand Binding Assays. We performed in vivo and in vitro ligand
binding assays on primary tissues and cell lines using AP-DCD
essentially as described (16). Briefly, we fixed frozen sections of
various human specimens, incubated with either AP-DCD fusion
protein or AP control-conditioned medium, rinsed, and then
incubated with AP substrate forming a blue/purple precipitate.

20f6 | www.pnas.org/cgi/doi/10.1073/pnas.1932980100

For in vitro assays we incubated cells in suspension with condi-
tioned medium containing either AP alone or AP-DCD fusion
protein, rinsed, and then assayed for bound AP activity.

Results

Identification of Invasive Breast Cancer-1 (IBC-1)/DCD. To identify
genes implicated in breast tumorigenesis we determined the gene
expression profiles of normal mammary epithelial cells and in
situ, invasive, and metastatic breast carcinomas using SAGE.
Using this approach we identified a SAGE tag with no database
match that was highly expressed only in a subset of invasive
breast carcinomas (17, 18) designated IBC-1. Searching the
human genome sequence with the IBC-1 SAGE tag and 5’ Nlalll
site (5'-CATGACGTTAAAGAC-3'), we identified a genomic
clone containing this tag and predicted (19) that it encodes a
transcribed gene composed of five exons (Fig. 14). Confirming
the restricted expression pattern suggested by SAGE, based on
Northern blot hybridization IBC-1 was expressed in only two
regions of the brain: in the pons and, at a lower level, in the
paracentral gyrus of the cerebral cortex, and not in 75 other
normal human adult and fetal tissues (Fig. 1B). The predicted
IBC-1 gene encodes a 110-aa protein with limited homology to
lacritin and an EST containing an N-terminal signal peptide
(Fig. 1 C and D). Further database searches using the predicted
IBC-1 protein sequence revealed that IBC-1 nearly matches a
20-aa peptide derived from the mouse proteolysis-inducing
factor or cachectic factor, and exactly matches a 30-aa neural
survival-promoting peptide (20, 21) (Fig. 1B). While this work
was in progress another group independently identified a cDNA
from human sweat glands identical to IBC-1 and named it DCD
(22). Thus, to avoid confusion due to multiple gene names, we
renamed IBC-1 as DCD.

Expression of DCD in Breast Carcinomas and Correlation with His-
topathologic Features. Next, we analyzed the expression of DCD
in normal breast organoids, primary breast carcinomas, and
breast cancer cell lines by Northern blot, RT-PCR, and mRNA
in situ hybridization analyses and determined that it was ex-
pressed only in a subset of breast cancer cell lines and primary
tumors (Fig. 2 A-C and data not shown). To determine the
expression of DCD at the cellular level we performed mRNA in
situ hybridization. Intense red or black (depending on hybrid-
ization protocol used) staining demonstrates that DCD is ex-
pressed in tumor cells and not in stromal cells (Fig. 2C). No signal
was observed in adjacent normal mammary epithelial cells (Fig.
2C). In tumors 15 and 238 only a subset of cells showed high
DCD expression indicating intratumoral heterogeneity (Fig. 2C).

To evaluate the expression of the DCD protein we performed
immunohistochemical analysis of several tissue microarrays
composed of breast carcinomas (Fig. 2D). Correlating with our
SAGE results we detected DCD expression in primary invasive
breast carcinomas (48/558), and rarely in ductal carcinoma in
situ (1/70) or distant metastases (1/49). Statistical analysis
determined that DCD-positive breast tumors were more likely to
be of advancéd stage (TNM stage 2 or 3, mostly due to higher
T and N, P = 0.007) indicating that DCD expression correlates
with larger tumor size and with the presence of metastatic lymph
nodes. Because both of these tumor characteristics are known to
predict a bad prognosis, we analyzed DCD expression in relation
to overall and distant metastasis-free survival in a subset of
breast tumors with clinical follow-up data. Patients with DCD-
positive tumors appeared to have decreased overall and distant
metastasis-free survival, but this decrease did not reach statis-
tical significance (data not shown).

We also analyzed DCD expression in multiple human tumor
types and found that 2/64 pancreatic carcinomas expressed
DCD. Thus, DCD overexpression may occur in other human
tumor types, but the determination of this will require the
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DCD and its homologues. {(A) Genomic structure of the human IBC-1/DCD gene. Exon-intron boundaries, start-and-stop codons, and the SAGE tag that

led to the identification of IBC-1/DCD are indicated. (B) Evaluation of DCD expression in 76 human adult and fetal tissues on a dot-blot expression array. High
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proteins. Amino acids identical to the consensus are shaded in red. Comparison was made by using DNAStar and the cuustaL algorithm.

examination of large tumor sets from each tumor type. Although
the staining of melanomas did not detect any DCD-positive
tumor cells, adjacent sweat glands of the skin were strongly
DCD-positive (Fig. 2D), confirming DCD expression in sweat
glands (22).

Despite an extensive analysis of cell lines from various tumor
types, we were not able to identify a cell line that endogenously
expresses the DCD protein at levels detectable by Western blot
analysis using our antibody (data not shown). Thus, to confirm
that the DCD transcript we identified encodes a protein that
exists in vivo, we performed immunoblot analysis of DCD-
transfected cells and human sweat. Correlating with its predicted
molecular weight, the exogenously expressed recombinant DCD
protein migrates as a single ~11-kDa protein, and a protein of
approximately the same size is also detected in sweat (Fig. 2E).
The slightly higher and lower molecular weight proteins recog-
nized with our DCD antibody in the sweat may correspond to
posttranslationally modified or partially proteolyzed DCD (Fig.
2E). These results confirm that a full-length DCD protein is
expressed and secreted in vivo.

Focal Copy Number Gain of the DCD Locus in Breast Carcinomas.
Based on the human genome sequence, DCD was localized to
chromosome 12 in band q13.1, which we confirmed by FISH
(Fig. 3B). Examination of the expression of all known and
predicted genes in the vicinity (5 MB) of DCD determined that
two genes localized next to DCD were expressed only in the same
three breast carcinomas that expressed DCD and were not
detected in any of the other >100 SAGE libraries (Fig. 34 and
data not shown). This suggested that the overexpression of DCD
in breast tumors may be due to gene amplification. To determine
whether the DCD locus is amplified in the DCD-overexpressing

tumors we performed FISH and detected moderate levels of:

DCD amplification in tumor 12 (Fig. 3B). We also analyzed
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several known oncogenes (CDK4, SAS, GLI1, and MDM2)
localized to 12q and detected only CDK4 amplification in tumor
12 (Fig. 2B and data not shown). In three other tumors (I1, LN1,
and 236) overexpressing DCD the FISH pattern was consistent
with three to five copies of DCD and all of the other genomic
regions tested, suggesting that a large part of chromosome 12 was
gained (data not shown). However, based on SAGE, these
oncogenes (MDM2, CDK4, SAS, etc.) were not overexpressed in
DCD-positive breast tumors (Fig. 34). To establish how fre-
quently a gain of the DCD locus is detected in breast tumors, we
analyzed an independent set of 152 breast tumors using BAC
array CGH and found a significant focal copy number increase
of the DCD locus in 20 tumors (Fig. 3C).

To further investigate the association between gain of the
DCD locus and the overexpression of the DCD protein, we
performed immunohistochemical analysis on eight breast tu-
mors that showed a 12q13.1 focal copy number increase of the
DCD locus based on BAC array CGH. Five of these eight tumors
expressed the DCD protein, which is a much higher fraction than
expected (P = 0.0003) based on the frequency of DCD positivity
in unselected tumors (48/558). Thus, this result further suggests
that at least in some cases DCD overexpression in breast tumors
is due to gain the 12q13.1 chromosomal area.

DCD Is a Growth and Survival Factor for Breast Cancer Cells. To
analyze the effect of DCD overexpression on breast cancer cell
growth and survival we established derivatives of the 2INT
breast cancer cell line, chosen based on its features resembling
DCD-expressing primary breast tumors, that stably overex-
pressed DCD. Next we compared the growth of pools of control,
empty vector transfected cells with that of cells expressing DCD
and found that DCD-expressing 21NT cells grew significantly
faster than controls, especially in reduced serum-containing
medium (Fig. 44). Similar results were obtained in DCD-
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Fig.2. Expression of DCD in normal and cancerous tissues. (A) Northern blot
analyses of normal breast organoids, breast cancer cell lines, primary breast
carcinomas, and corresponding normal breast tissue. High DCD expression is
detected in only two tumors {15 and 236). The blot was rehybridized with
B-actinto indicate equal loading. (B) RT-PCR analyses of breast cancer cell lines
using DCD- and B-actin-specific primers. (C) mRNA in situ hybridization using
digitonin-labeled DCD riboprobes on tissue sections (tumor and normal 236,
red staining; tumors 15 and 238, black staining). Adjacent section stained with
hematoxylin/eosin. (D) DCD immunostaining of normal breast tissue, ductal
carcinoma in situ, a DCD-positive invasive breast carcinoma (IDC), and sweat
gland of the skin. (£} Immunoblot analysis of human sweat and cells trans-
fected with empty or DCD-expressing vector. An =11-kDa protein is detected
in both transfected cells and sweat.

expressing VA13-transformed fibroblasts and C2C12 myoblasts,
whereas preliminary data suggest that DCD has no effect on
immortalized mammary epithelial cells (data not shown).

To determine the effect of DCD expression on cell survival
after oxidative stress, we treated control and DCD-expressing
21NT cells with varying concentrations of menadione, a potent
inducer of mitochondrial reactive oxygen species (ROS) pro-
duction. As depicted in Fig. 4B Left, DCD-expressing cells were
significantly more resistant to menadione-induced cell death
than control 2INT cells. To establish whether the DCD-
mediated protection from ROS-induced cell death is important
in a more physiologic oxidative stress-inducing condition, we
analyzed the effect of glucose deprivation on control 2INT and
DCD-expressing cells. Cancer cells are known to be particularly
sensitive to the withdrawal of glucose that leads to increased
mitochondrial ROS production and subsequent cell death (23).
Similar to the results obtained with menadione, DCD-expressing
21NT cells survived growth in glucose-free medium significantly
better than control cells, with the most pronounced difference
seen in low-serum-containing medium (Fig. 4B Right).

Cell Surface DCD Binding. The DCD protein is predicted to be
secreted, suggesting that DCD is likely to execute its function
through binding to a cell surface receptor. To determine whether
there is a DCD-binding cell surface protein(s), we generated an
AP-DCD fusion protein to be used as a ligand in receptor
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Fig. 3. Gain of DCD locus in breast carcinomas. (A) Idiogram of human
chromosome 12 and the expression of genes adjacent to DCD in SAGE libraries
generated from normal {N1and N2) breast tissue, and in situ (D1-8), invasive
(11-6), and metastatic (LN1-2 and M1) breast carcinomas. Genes closest to DCD
(highlighted with yellow color), facritin (LACRT), and, to a lesser extent, a
phosphatase subunit (PPP1R1A) are expressed only in the three tumors with
high levels of DCD, suggesting possible amplification of this chromosomal
area. No other genes near DCD appear to be overexpressed in these breast
tumors. (B) FISH analysis of DCD to normal metaphase chromosomes shows
hybridization at 12q13 on both copies of chromosome 12 (Left). Hybridization
of DCD {red) and an alpha-satellite probe to the centromere of chromosome
12 (green) reveals amplification of DCD and disomy of chromosome 12 (Cen-
ter) intumor 12 interphase cells. (Right) Analysis of DCD (green) and CDK4 (red)
reveals coamplification in tumor i2 interphase cells. (C) A representative BAC
array CGH profile demonstrating a gain of the DCD locus (arrow).

binding assays (16). Conditioned medium containing AP-DCD
or control AP was used to stain normal and cancerous mammary
tissue sections. Intense purple staining indicated the presence of
a DCD-binding protein in tumor 236, but not in normal mam-
mary epithelial and stromal cells, whereas low-intensity staining
was observed in tumor 19 (Fig. 4C). These results suggested the
presence of a cell surface DCD-binding protein(s) in cancerous,
but not normal, mammary -epithelial cells, and are consistent
with an autocrine and/or paracrine mechanism of DCD action.

Because of its expression pattern in normal human brain, we
also tested whether neurons bind DCD (Fig. 4C). Weak DCD
binding to almost all neurons was seen in human adult brain
(data not shown), whereas the strongest DCD binding was
detected in neurons of the locus ceruleus, nucleus raphe pontis,
substantia nigra, and the lateral hypothalamic nuclei (Fig. 4C).

To further test the binding characteristics of AP-DCD, we
performed in vitro ligand binding assays using various cell lines.
Low-level AP-DCD binding was detected in all cell lines tested,
with stronger binding observed in human 21NT breast cancer
celis (data not shown). To further characterize the AP-DCD-
putative DCD-receptor interaction, we performed more de-
tailed binding assays in 21NT breast cancer cells. Scatchard plot
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Fig.4. DCD function and receptors. (A) Growth curves of control (pBabe) and DCD-expressing (pBabe-DCD) 21NT breast cancer cells in high (5%) or low (0.5%)
serum-containing media. DCD-expressing cells grew significantly faster in both conditions. A representative experiment is shown. {8) Survival data showing
reduced susceptibility of 21NT cells expressing DCD to cell death induced by menadione or glucose deprivation. Data are the mean of three experiments with
three determinations each. (C) /n situ staining for DCD receptor in breast and brain tissue. Sections of breast tumors, normal breast tissue, and brain were
incubated with AP control or AP-DCD fusion protein. Purple staining detects the presence of a putative DCD receptor. Faint brownish coloring of neurons of the
locus ceruleus and substantia nigra in the control AP sections is due to natural pigment (melanin) present in these cells. (D) Scatchard transformation of binding
analysis of AP-DCD to 21NT breast cancer cells. (Inset) The actual binding curve. (E) Growth curves of cells treated with purified AP-DCD.

analysis showed two binding slopes in 21NT cells (Fig. 4D): one
with a moderately high affinity (Kq = 1.5 X 107¥ M) and another
with much lower affinity (Kp = 2.1 X 10~7 M). Further proving
that DCD’s effect is mediated through a cell surface receptor and
that the AP-DCD fusion protein is a functional ligand for the
putative DCD receptor, 2INT cells incubated in conditioned
medium containing AP-DCD, or treated with purified AP-
DCD, grew faster than controls (Fig. 4E and data not shown).

_ Discussion

Based on SAGE analysis of breast tumors of different clinical
stages we identified DCD, a novel growth and survival factor for
breast cancer cells. DCD encodes a secreted protein with limited
homology to lacritin and an EST. Lacritin is a secretion-
enhancing and growth-promoting factor recently identified from
lacrimal gland (24). The EST is expressed in the cerebral cortex,
and it encodes an uncharacterized protein containing a repeti-
tive sequence (ETPA) found in several secreted proteins. In
addition, two small proteolytic peptides identified as a cancer
cachexia factor and a neural survival-promoting peptide, respec-
tively, were likely to be derived from DCD (20, 21). The
cachexia- and proteolysis-inducing factor was identified as a
24-kDa glycoprotein produced by the cachexia-inducing MAC
16 murine colon adenocarcinoma in mice and was shown to be
present in the urine of cachectic cancer patients (25-27). The
neural survival-promoting peptide was identified from the media
of mouse HN33.1 hippocampal neurons and human Y79 reti-
noblasts treated with hydrogen peroxide and was shown to
enhance neural survival after an oxidative insult (21, 28).
Based on FISH and array CGH analysis we determined that
the overexpression of DCD in breast tumors is due to the focal
copy number increase of the DCD locus. The low level of gain
observed in array CGH could be due to the fact that the breast
tumors used for this analysis were not microdissected; thus,
contaminating stromal cells with two copies of the DCD locus
may decrease the hybridization signal. In addition, as depicted in
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Figs. 2C and 3B, the expression and gain of DCD are hetero-
geneous in most breast tumors, with only a fraction of tumor cells
being positive; thus, even a significant copy number gain may be
detected only as a low level gain when the tissue is analyzed in
bulk by using array CGH. Correlating with this, cDNA array
CGH analysis of the tumors with significant DCD gain based on
FISH revealed no significant copy number increase (data not
shown). The minimum region of chromosomal gain based on
BAC aCGH is 4.2 MB, because the two flanking BACs that do
not show gain are that far apart. This region encompasses DCD,
CDK4, and SAS. However, based on SAGE, we did not see
overexpression of any of these oncogenes (MDM2, CDK4, SAS,
etc.) in DCD-positive breast tumors (Fig. 34).

Consistent with being a putative oncogene, the overexpression
of DCD in breast cancer cells enhanced cell growth and survival
and reduced serum dependency. Because in the cell survival
experiments performed with menadione cell viability was de-
termined 24 h after plating the cells, the observed difference
seen in live cell numbers is unlikely to be the effect of DCD on
cell growth. Conversely, the effect of DCD on cell growth cannot
fully be explained by its ability to protect against ROS generated
because of culturing the cells under supraphysiologic (21%
atmospheric) oxygen concentrations, as a similar effect was seen
in cells grown at physiologic (3%) oxygen concentration (data
not shown). Thus, the growth and survival-promoting effects of
DCD appear to be distinct, although to conclusively prove this
will require the detailed characterization of the DCD-signaling
pathway. Correlating with the observed in vitro effect of DCD on
breast cancer cell growth and survival, DCD-expressing primary
breast tumors were larger and more likely to have metastatic
lymph nodes. Based on these results, it is likely that the over-
expression and copy number gain of DCD confer a selective
advantage for breast tumor cells.

Based on in vivo ligand binding studies performed with an
AP-DCD fusion protein, we detected strong cell surface DCD
binding to breast cancer cells and neurons of the brain. Inter-
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estingly, catecholaminergic (noradrenergic and dopaminergic)
neurons of the brain that strongly bound AP-DCD are partic-
ularly susceptible to oxidative stress because the biosynthesis of
these neurotransmitters from tyrosine requires molecular oxy-
gen. Moreover, the autooxidization of catecholamines, the end
product of which is melanin that accumulates in neurons of the
substantia nigra and locus ceruleus, leads to the generation of
ROS (HZOZ, 0,7, and OH"). The strong binding of DCD to these
neurons is consistent with the roles of a 30-aa neural survival
factor (21) and a cachexia factor possibly derived from DCD
(20). Definition of the relationships among these peptides
requires further studies. :

In summary, DCD is a novel growth and survival factor that
is overexpressed in ~10% of primary invasive breast carcinomas,
and its overexpression, at least in some cases, is associated with
a gain of its locus at 12q13.1. Based on its function and restricted
expression pattern in normal adult tissues, DCD is a candidate
cancer therapeutic target. The secreted nature and extracellular
mechanism of DCD action make it even more attractive for such
a purpose.
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Neurons are particularly sensitive to ROS, whereas tumor cells
themselves produce large amounts of ROS (29). Therefore, the
high expression of DCD in these cell types may be essential for
their survival. Thus, therapeutic activation of the DCD-signaling
pathway may be beneficial in certain neurodegenerative diseases
involving catecholaminergic neurons such as Parkinson’s dis-
ease, and its therapeutic inhibition may be an effective treatment
of tumors with DCD expression.
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